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• The test facility uses a disk made of Grainex Mar-M 247, a cast nickel based superalloy. Analysis has shown that, in the vicinity of the disk bolt holes, the material slightly enters the plastic region of the stress-strain curve [1] . Due to these demanding test conditions, the possibility exists that fatigue cracks will develop with cycling at the 6 bolt hole locations, which fasten the test disk to the main shaft of the test stand. If allowed to grow to a critical size, the cracks could cause the disk to catastrophically burst during use.
Preliminary analyses by Tong and Steinetz [1] have placed a strain-life fatigue limit, L sys , of 6000 cycles based upon an equivalent -3σ reduction factor and a probabilistic approach [2] accounting for n = 6 bolt holes: eq. (1) is based on the Lundberg-Palmgren [3] analysis for rolling element bearing system lives. L is the predicted life for a disk with a single bolt hole. The predicted life, L, and Weibull slope parameter, e, are assumed to be identical for all six disk bolt holes. One cycle is defined as a ramp up and down in speed. In this study, strain-life tests were conducted over various strain ranges at a temperature of 649 °C to determine the cycles to crack initiation. This data was compared with previous analyses as well as literature data and strain-life model estimates based upon tensile data. 
MATERIALS AND METHODS: TENSILE BEHAVIOR Experimental
Tensile tests were performed at Mar-Test Inc. in Cincinnati, Ohio per ASTM E-8, ASTM E-21, and ASTM E-83 Class B-2 standards. The tensile test specimen geometry was 3.56 mm in diameter by 50.8 mm in length per ASTM E-8 small-size specimens. Four tensile specimens were taken from a Grainex Mar-M 247 sacrificial disk and tested. Tensile testing was conducted on a hydraulic servo controlled test system with a box furnace for specimen heating. Thermocouples were positioned at the gage radius to monitor temperature. The tensile tests were conducted at 649 °C at a strain-rate of 0.00028 s -1 .
MATERIALS AND METHODS: FATIGUE STRAIN-LIFE BEHAVIOR Experimental
Fatigue strain-life testing was also performed at MarTest, using a closed loop, servo-hydraulic test system complying with ASTM E-4, ASTM E-606, and ASTM E-83 Class B-2 standards. Induction heating was utilized for specimen heating. Test temperature was controlled to within 1%.
The specimen geometry was 3.18 mm in diameter and 50.8 mm in length per ASTM E-606 standards. A total of 15 strain-life specimens were obtained from the sacrificial disk. The tests were conducted in air at 649 °C at a strain ratio of R = 0, cycled at 0.33 Hz using a triangular waveform. Five strain ranges were tested (0.50%, 0.58%, 0.67%, 0.78%, and 0.90%) with three repeats at each strain range. The cycles to crack initiation, N i , and cycles to failure, N f , were recorded for each test. N i was defined as a rapid change in the load versus time history plot (figure 2) while N f was defined as complete specimen separation. 
Data Analysis
The fatigue strain-life results were evaluated following a simple linear model in log-log coordinates:
where the constant A and exponent α were determined. Linear regression analysis of the log-log transformed fatigue strain-life behavior was conducted to determine the coefficient A and the exponent α for the R = 0 data. Thus,
Standard statistical analyses were also performed to check for significance of the regression, R 2 , test for normal distribution, outliers, lack-of-fit, and also to calculate the -99.95% prediction interval. [4] 
Method of Universal Slopes
The Manson-Hirschberg Method of Universal Slopes (MUS) was used to estimate strain life with zero mean stress based only upon tensile data [5] :
Thus, the total strain range is the sum of the elastic strain range (first term) and the plastic strain range (second term).
Mean Stress Effects
To estimate the effect of mean stress on cyclic life the Halford-Nachtigall Method was used with the MUS [6] :
The relationship is derived from [7] :
This is Morrow's original equation [8] except that N fm is used instead of 2N fm . The value for b was -0.12 from the MUS. N f0 was calculated using the ratio of the inelastic strain range and the elastic strain range from the MUS at ratios of 0.3, 0.2, 0.1, 0.08, 0.05, and 0.02. V eff was substituted for V σ [6] :
At the beginning of each test, note that for zero to maximum loading it is assumed that 1 σ = σ m a . This could be true if the cycle is elastic, but as plasticity is encountered the mean stress ratio begins to relax according to eq. (9) and eq. (10).
Modified Morrow with Mean Stress Effects
The Modified Morrow equation was used to account for mean stress, σ m , effects resulting from the R = 0 tests [7] :
The coefficients and exponents were calculated using the R = 0 strain-life test data and E from the tensile tests. Constraints were placed on exponents b and c based upon previous observations on engineering metal behavior [7] :
and -0.9 ≤ c ≤ -0.5
In using eq. (11), various values of σ m were assumed as needed.
Fractographic Examination
The fracture surfaces of fatigued specimens were cleaned in acetone, alcohol rinsed, and air dried to facilitate fractographic examination. Surfaces were examined using light stereomicroscopy and a JEOL JSM-840A scanning electron microscope (SEM) using secondary electron [SE] and backscattered electron [BE] modes to determine crack initiation sites.
RESULTS: TENSILE BEHAVIOR Properties
Mean tensile properties of the four tensile tests for the Grainex Mar-M 247 material were determined at 649 °C and are shown in table 1. The ultimate tensile strength and 0.2% offset yield stress were found to be 1064 MPa and 821 MPa, respectively. 
RESULTS: FATIGUE STRAIN-LIFE

R = 0
The cycles to crack initiation, N i , and cycles to failure, N f , were determined for each of the R = 0 fatigue strain-life tests at 649 °C (table 2) . Due to cycle recorder malfunctions in the data acquisition system, some results were unavailable.
Linear regression analysis of the R = 0 total strain range versus cycles to crack initiation (N i ) cyclic strain life tests (table 2) Linear regression analysis of the R = 0 total strain range versus cycles to failure (N f ) cyclic strain life tests (table 2) resulted in an exponent, α, of -5.62 and a coefficient, A, of 316.23 with R 2 = 0.87 using eq. (2). (figure 4, 99.95% prediction interval shown). Table 3 summarizes the mean and -99.95% prediction cyclic life for the R = 0 data at both cycles to crack initiation and cycles to failure at the 0.5% design strain range of the Grainex Mar-M 247 disk (see also figures 3 and 4). The -99.95% prediction intervals give a failure rate of 1 in 2000 parts. 
Method of Universal Slopes
The estimated cycles to failure, N f0 , was plotted against the total strain range, ∆ε, for the Grainex Mar-M 247 material using tensile data (table 1) as input for the MUS (figure 5). The plastic and elastic strain lines were also plotted. The transition life, N t0 , wherein the elastic and plastic strain ranges are equal, was found to be 400 cycles to failure.
Mean Stress Effect
A comparison was made between the MUS, the MUS with mean stress effects (eq. (7)), and R = 0 data for the Grainex Mar-M 247 material (figure 6). The 0.5% design strain is also shown in figure 6 and compared with the data and both estimation methods.
Modified Morrow with Mean Stress Effects
Calculated coefficients and exponents for the Modified Morrow equation, eq. (11), resulted in an R 2 value of 0.93. The coefficients and exponents (table 4) were then used in the Modified Morrow equation and compared to experimental Grainex Mar-M 247 strain-amplitude data ( figure 7) . The design strain of the Grainex Mar-M 247 disk is also shown at 0.5% strain range.
Assuming the ratio of mean to alternating stress was equal to 1 at the start of the strain-life tests, V σ was calculated at the approximate half-life for each test (table 5) .
The variation of mean stress and range of stress was also compared with increasing strain amplitude (figure 8). Point P1 through point P2 is the elastic line. Point P2 defines where the mean stress and range of stress are equal. Point P3 defines the point of zero mean stress. Finally, point P3 to P4 is the region of zero mean stress.
Table 4.-Calculated coefficient and exponent values for the Modified Morrow Equation for
Grainex Mar-M 247 at 649 °°°°C. 
Coefficients Value
Fractographic Examination
The majority of the crack initiation sites were observed at the gage cross-section perimeter and initiated at carbides. As expected, the fracture surfaces exhibited 3 areas or stages of cracking-crack initiation, propagation, and failure or overload (figure 9).
DISCUSSION: TENSILE BEHAVIOR
The NASA Grainex Mar-M 247 tensile properties were within 5 to 10% of values reported in the literature data (table 6) [10, 11] . The exception was in the %RA data where the NASA values were 30 to 40% higher than that reported in the literature. The higher values were most likely due to a slight amount of necking observed in the gage sections of the tensile test specimens. 
DISCUSSION: FATIGUE STRAIN-LIFE
R = 0
Testing at R = 0 and 649 °C addressed the actual localized conditions the Grainex Mar-M 247 disk bolt holes encounter in the Turbine Seal Test Facility. Specifically, the disk is strained from a zero to maximum strain when the surface speed increases from zero to maximum during testing. The -99.95% prediction interval (1 failure in 2000 samples) on cyclic life was chosen since it was more conservative than the mean cyclic life by a factor of approximately 10. As expected, more data scatter was observed at the lower strain ranges. Overall the cyclic life to crack initiation of the bolt holes of the Grainex Mar-M 247 disk at the 0.5% design strain with R = 0 and the lower bound of the 99.95% prediction interval was found to be 1100 cycles. This was nearly 6 times less than the cyclic life predicted from previous analyses [1] .
Comparison to Literature
Comparison of the NASA Grainex Mar-M 247 R = 0 strain-life data with data reported by Kaufman showed good agreement (figure 10) [10] . The NASA data at 649 °C fell in between the 427 °C and 760 °C data reported by Kaufman [10] . As expected, cyclic lives decreased with increasing temperature for a constant strain range. Comparison with MUS, Mean Stress Effects and Data Both the MUS and eq. (7) provide a means to predict fatigue strain-life by use of only tensile data. It was expected that the MUS would over-predict the R = 0 data (figure 6) since it was generally used in comparing R = -1 data. At the design point of 0.5% total strain, the MUS predicted N f0 at 100,000 cycles. This is 5 times greater than the average R = 0 data of approximately 20,000 cycles. In comparison, eq. (7) predicted a life of approximately 23,500 cycles ( figure 6 ). Thus, a more accurate prediction of life at the 0.5% total strain design point was found using only tensile data and modifying the MUS to account for mean stress effects.
Comparison to Modified Morrow Equation
Parametric curves of constant mean stress were compared to the experimental results on a strain-amplitude versus cycles to failure plot using results of the Modified Morrow strain-life analysis (figure 7). As expected, higher mean stresses were observed at lower strain levels while lower mean stresses were observed at higher strain levels (figure 8) [9] . This is because the larger the strain range, the greater the degree of relaxation of the initial mean stress imposed by the R = 0 strain condition. The effect of mean stress on cyclic life was more pronounced at lower strain levels (table 5) . For example, at the design strain level of 0.5% total strain, the average mean stress was 313 MPa, while at 0.9% total strain, the average mean stress was 74 MPa.
As expected, cyclic life decreased as mean stress increased for constant strain amplitude (figure 7). For example at the design point of ∆ε = 0.5% (ε a = 0.0025) the difference in cyclic life between the σ m = 0 MPa line and the σ m = 172 MPa line was nearly a factor of four. The R = 0 data were observed to trend towards a zero mean stress at the highest strain range (ε a = 0.0045). Finally, as expected, compressive mean stresses predict an increase in cyclic life.
SUMMARY
Tensile properties for the Grainex Mar-M 247 disk at 649 °C were presented and compared with literature data. Fatigue strain life data for the same material were also presented at 649 °C at strain ranges of 0.50%, 0.58%, 0.67%, 0.78%, and 0.90%. Both the tensile and R = 0 strain-life data were comparable with literature.
Evaluation of mean stress effects showed a large effect on cyclic life. The Halford-Nachtigall Method used with the MUS was practical for predicting R = 0 life using only tensile data at 649 °C. A difference of only 18% in cyclic life was observed between predicted and experimental lives at the design point of 0.5% strain range. The 10,000 cycle limit suggested by the Modified Morrow analysis at the 0.5% design strain range can be reduced accordingly to 1500 cycles using an equivalent -3σ reduction factor and probabilistic accounting for the 6 bolt holes using eq. (1).
During operation the turbine disk is generally cycled at zero to maximum strain conditions (R = 0). At the design strain of ∆ε = 0.5% the R = 0 results lead to, at the -99.95% prediction level, a cyclic crack initiation life of 1100 cycles which is nearly 6 times less than the initial predicted cycles to failure obtained previously by Tong and Steinetz [1] . Probabilistic accounting for the 6 bolt holes using eq. (1) gives the most conservative result of 665 cycles with 6 bolt holes.
Thus, using the experimental data at a -99.95% prediction level and the presence of 6 bolt holes it was found that the disk should be inspected for surface cracks after 665 cycles based on a total strain range of 0.50% at 649 °C.
